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E-mail address: regina@deb.uminho.pt (R. NogueirThe aim of this work was the study of poly-b-hydroxybutyrate (PHB) formation and degradation in a
sequencing batch bioﬁlm reactor (SBBR). The SBBR was operated in cycles comprising three individual
phases: mixed ﬁll, aeration and draw. A synthetic substrate solution with acetate and ammonium was
used.
PHB was formed during the aeration phase immediately after acetate depletion, and was subsequently
consumed for biomass growth, owing to the high oxygen concentration in the reactor. It was observed a
combination of suspended and bioﬁlm growth in the SBBR with predominance of the ﬁxed form of bio-
mass (506 Cmmol and 2102 Cmmol, respectively). Maximum PHB fraction of suspended biomass
(0.13 Cmol/Cmol) was considerably higher than that of bioﬁlm (0.01 Cmol/Cmol). This may possibly be
explained by a combination of two factors: lower mass transfer limitation of acetate and higher fraction
of heterotrophs in suspended biomass compared to the ones of bioﬁlm.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
In wastewater treatment biological reactors are utilized to re-
move nutrients from the water in order to decrease negative ef-
fects on receiving water bodies. Usually, the biological treatment
consists of several subsequent process steps, either occurring con-
tinuously in separate reactor volumes, or discontinuously in one
single volume. The latter type, known as sequential batch reactors
(SBR), are distinguished by their adaptability to varying conditions,
since individual treatment phases can be easily modiﬁed, ex-
changed, added or removed. They are able to remove carbon, nitro-
gen and phosphorus in one single unit under properly controlled
conditions (Brito et al., 2006; Rodrigues et al., 2001; Wilderer
et al., 2001).
The characteristic feature of their operation is that the microor-
ganisms in their biomass are exposed to continuous periodic
changes of the environment, namely to varying liquid volumes
and substrate concentrations (donors and receivers of electrons).
When confronted with such interchanging periods of excessive
substrate (‘‘feast period”) and insufﬁcient substrate (‘‘famine peri-
od”), the bacterial populations adopt speciﬁc survival strategies
(Salehizadeh and van Loosdrecht, 2004). In particular, they often
accumulate and set aside organic carbon as internal polymers such
as glycogen or polyhydroxyalcanoates (PHA) (Karahan et al., 2008).ll rights reserved.
: +351 253 678986.
a).The most frequent and abundant of these reserve polymers is poly-
b-hydroxybutyrate (PHB), which belongs to the PHA group.
The metabolism of PHB has been treated in various studies
(Beun et al., 2000a,b, 2002), which indicate that it is stored by cer-
tain bacterial species when the uptake of substrate is higher than
the conversion capacity of the assimilating process. The quantity
of substrate, which is not directly used in the growing process, is
then used in the synthesis of PHB. However, when the external
substrate is depleted PHB is used in turn as a source of carbon
and energy. Hence, through the use of PHB, certain bacterial spe-
cies achieve a balanced growth even in dynamic substrate condi-
tions, which allows them to utilize the external substrate more
efﬁciently (Beun et al., 2000a; Krishna and van Loosdrecht, 1999;
Majone et al., 1999) and ultimately out-compete other species
within the system (Salehizadeh and van Loosdrecht, 2004).
While such storage phenomena are well studied for suspended
biomass systems, as for example activated sludge SBRs, they are
still poorly documented in literature for systems using bioﬁlms,
such as the sequencing batch bioﬁlm reactor (SBBR) (Beun et al.,
2001). Nevertheless, they do play an important role in the optimi-
zation of operating strategies, which holds particularly true for
multiple and interlinked degradation pathways, such as the nitro-
gen and carbon removal by biological nitriﬁcation and denitriﬁca-
tion. Therefore, the aim of this work was to study the PHB
formation and degradation in a SBBR performing nitrogen removal
in order to give new insights into the relevant biological processes
and their internal relations.
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2.1. Experimental set-up
A SBBR with a working volume of 28 L was operated with a con-
stant cycle time of 5 h, a volume exchange ratio of 0.36 L/L and a
resulting hydraulic retention time (HRT) of 14 h. The duration of
the individual operating phases was: 115 min mixed ﬁll, 165 min
aeration and 20 min draw. The reactor was operated with a solids
retention time (SRT) of 12.5 days. During the aeration phase air-
ﬂow of 27 L/min was applied through membrane diffusers, causing
the reactor contents including the carrier bed to circulate. The dis-
solved oxygen (DO) was monitored continuously with a dissolved
oxygen meter YSI, model 5000. The SBBR was operated at
20 ± 1 C and pH 7.5 ± 0.1.
The bioﬁlm was formed on a new type of polyethylene support,
developed by Universidade do Minho and consisting of hollow,
star-shaped, carriers with 17 mm external diameter and a height
of 10 mm. The bed formed by these carriers had a speciﬁc surface
area of 407 m2/m3, an average porosity of 0.74 and occupied 47% of
the reactor volume.
2.2. Substrate
The composition of the synthetic substrate solution was:
643 mg/L NaCH3COO  3H2O, 130 mg/L NH4Cl, 210 mg/L NaHCO3,
44 mg/L KH2PO4, and 1 mL/L of a trace element solution in accor-
dance with Vishniac and Santer (1957). The carbon to nitrogen
(C/N) ratio of the synthetic substrate solution was 3.3.
2.3. Analysis
Grab samples were taken and analyzed for ammonium, nitrite
and nitrate according to standard methods. Acetate was analyzed
using a high performance liquid chromatography (HPLC) system.
PHB content of suspended biomass and bioﬁlm (external and inter-
nal) was measured by gas chromatography (GC) using the method
developed by Smolders et al. (1994). The ratio between PHB and
active biomass without PHB (fPHB), was calculated according to
Beun et al. (2002).
In situ hybridization of cells in the bioﬁlm was performed with
ﬂuorescently labelled rRNA-targeted oligonucleotide probes
according to the method of Manz et al. (1992). First the samples
were hybridized with a EUB338 probe set (EUB338-I, EUB338-II,
EUB338-III) designed to target almost all bacteria (Daims et al.,
2001). Then, within this domain, the beta-subclasses of Proteobacte-
ria was labelled with the respective group speciﬁc probes Bet42a
and Gam42a (Manz et al., 1992). Within the beta-subclasses, in
turn, the ammonia-oxidizing bacteria (AOB) were detected using
the Nso1225 probe, which are speciﬁc for all ammonia-oxidizers
in the beta-subclass Proteobacteria (Mobarry et al., 1996); The fol-
lowing probes were used to detect nitrite-oxidizing bacteria
(NOB): (i) Nit3, which is complementary to a sequence region of
all Nitrobacter species (Wagner et al., 1996); (ii) Ntspa662, speciﬁc
for the genusNitrospira (Daims et al., 2001). For detection of the dif-
ferent probe-targeted bacteria, simultaneous hybridizations were
performed with Cy3 labelled speciﬁc probes and the FLUOS (Inter-
activa, Ulm, Germany) labelled bacterial probe set. Fluorescence
signals were recorded with a LSM 510 confocal laser scanning
microscope (Zeiss, Germany) equipped with HeNe laser (543 nm)
or Ar laser (488 nm) for detection of Cy3 or FLUOS, respectively.
2.4. Calculations
Mass balance calculations were based on an assumed elemental
composition of CH1.8O0.5N0.2 for 1 Cmol biomass (Beun et al., 2002).The carbon consumption of hereotrophic growth was calculated
based on the observed ammonium consumption and a biomass for-
mation per mole of acetic acid of 0.40 Cmol/Cmol (Beun et al.,
2000b). Stoichiometric considerations for energy production lead
to the following ratios of acetate consumption with respect to ni-
trate, nitrite, and oxygen: 1.25 Cmol acetate/mol NO3 , 0.5 Cmol
acetate/mol NO2 and 1 Cmol acetate/mol O2, respectively. Oxygen
transfer from the exterior into the liquid phase was considered
negligible.
Ammonium ion consumption of the nitriﬁcation was estimated
either from the nitrite or nitrate concentration in the case of
incomplete or complete nitriﬁcation, respectively, at the end of
the aeration phase. It was assumed that nitriﬁcation is performed
by ammonium and nitrite-oxidizing bacteria with a biomass for-
mation yield of 0.057 Cmol/mol NHþ4 and 0.034 Cmol/mol NO

2 ,
respectively (Henze et al., 1995).
The quantity of PHB in the biomass was expressed as:
%PHB ¼ PHB
PHBþ X 100ðg=gÞ
with X being the active biomass which is deﬁned as organic mate-
rial without PHB.





with MXW and M
PHB
W being the molecular weight of active biomass
(24.6 g/Cmol) and of PHB (21.5 g/Cmol), respectively.
The parameters of PHB degradation kinetics (order and constant
rate) were determined with the Aquasim software (Reichert, 1994).
3. Results and discussion
The SBBR was operated continuously for about one year before
any detailed measurements were made. By then, a constant bio-
mass dry weight in the reactor had established and nitrogen and
carbon time proﬁles during consecutive cycles were reproducible.
At the selected HRT, biomass in the reactor was present both in
suspension (506 Cmmol or 20%) and as bioﬁlm (2102 Cmmol or
80%). Bioﬁlm was distributed between the external (18%) and
internal (62%) surfaces of the carriers.
3.1. PHB formation and degradation processes
Formation and accumulation of PHB was observed both in sus-
pended biomass and in bioﬁlm. Fig. 1 depicts the PHB biomass ra-
tio (fPHB) of suspended biomass and bioﬁlm (internal and external)
and the acetate concentration in the bulk liquid observed during a
SBBR cycle. During the mixed ﬁll phase, fPHB of the suspended bio-
mass was practically constant, while a slight PHB accumulation
was detected mainly in the external bioﬁlm in close contact with
the bulk liquid. The discontinuation of feed addition and simulta-
neous oxygen supply (aeration phase) induced a linear decrease
of acetate and a linear increase of fPHB, both in suspended biomass
and in the bioﬁlm, indicating a zero order rate for acetate uptake
and PHB formation. After acetate depletion in the bulk liquid,
PHB was degraded at a decreasing rate until in both kinds of bio-
mass the initial value was reached again.
According to these results, PHB was accumulated considerably
stronger in suspended biomass than in bioﬁlm: the maximum fPHB
of suspended biomass (observed at 125 min) was, at least, a factor
of ten times higher than the one of bioﬁlm (Fig. 1). Considering the
amounts of suspended biomass and bioﬁlm in the reactor pre-
sented above, the experimental results indicate that of the total
PHB stored (113.9 Cmmol), as much as 79% were accumulated in
Fig. 1. Proﬁles of acetate concentration and fPHB during a SBBR cycle: acetate (d); fPHB in suspended biomass (N), in external (h) and in internal bioﬁlm (j).
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fPHB depends simultaneously on two factors: (i) the acetate avail-
ability which, in the present work, is dependent on mass transfer
limitation from the bulk liquid to the cells, and (ii) the fraction of
heterotrophs in the biomass.
In a SBBR there is a considerable difference in residence time
between suspended and ﬁxed biomass (bioﬁlm) due to the regular
exchange of liquid phase. Therefore, it can be assumed that at com-
paratively long hydraulic retention times (e.g. 14 h for SBBR), the
fast growing heterotrophic microorganisms (with a reciprocal
maximum speciﬁc growth rate, 1/lmax = 5 h, smaller than the se-
lected hydraulic retention time) grow mainly in suspension with
favorable mass transfer conditions while the slow growing nitriﬁ-
ers (1/lmax = 25 h) form bioﬁlms as a strategy to prevent their
washout from the reactor (van Benthum et al., 1997).
The quantiﬁcation of PHB in the biomass has allowed to com-
plement the balance of carbon during the operation cycle illus-
trated in Fig. 1. It was estimated that the carbon removed from
the bulk liquid during the ﬁll phase was used to biomass growth
(15%), as a source of energy (25%) and stored as PHB (25%). The
remaining 35% was probably removed by other mechanisms such
as conversion to intracellular intermediary composts of a low
molecular weight or storage as another PHA, besides PHB. This
assumption is supported by Dionisi et al. (2001), who found exper-
imental evidence of the accumulation of a high fraction of carbon
(30%) as composts of a low molecular weight, and by studies,
which reported the synthesis of other PHA, besides PHB, from ace-
tate as a source of carbon: Lemos et al. (1998) has observed the
production of PHB and PHV (polyhydroxyvalerate) from acetate,
in which PHB is the predominant polymer (75%). Satoh et al.
(1992) have veriﬁed that, from the total quantity of acetate con-
sumed, around 87% was transformed into PHB, 11% into PHV, 2%
into PH2MB (polyhydroxy-2-metilbutyrate) and the remaining 1%
into PH2MV (polyhydroxy-2-metilvalerate). Unfortunately, within
the current work there was no possibility to identify and quantify
other PHA than PHB in the biomass.
The acetate present at the beginning of the aeration phase is
quickly converted and stored in the biomass as PHB (Fig. 1). After
acetate depletion, a part of the PHB (70%) is consumed as a source
of carbon and energy, while the rest is stored in the biomass (30%).
According to the reactions’ stoichiometry, the organic carbon
transformed into PHB during the aeration phase would be sufﬁ-
cient to denitrify the entire nitrate previously produced. However,
this did not occur probably due to the high concentration of oxygen
dissolved in the liquid. Instead the PHB was consumed in the pro-
duction of biomass and in energy needs.As a summary there are two relevant mechanisms of carbon re-
moval in the SBBR, which depend on the operation phase of the
reactor: (1) the use of the acetate simultaneously with both, the
growth of biomass and metabolism of PHB storage (ﬁll phase);
and (2) the direct storage as PHB which is later on used as a source
of carbon and energy in the growth of biomass (aeration phase).
3.2. Nitrogen removal in the SBBR
Fig. 2 depicts proﬁles of nitrogen ions, acetate and oxygen, dur-
ing a typical SBBR cycle. During the ﬁll phase, acetate and ammo-
nium concentrations increased due to inﬂuent addition. The nitrate
left over from the previous cycle was completely denitriﬁed with
acetate, via nitrite.
In the subsequent aeration phase, the acetate was rapidly re-
moved from the liquid phase. Time proﬁles of ammonium, nitrite
and nitrate concentration in the aeration phase showed the typical
behaviour of nitriﬁcation reactions, via nitrite formation and sub-
sequent oxidation to nitrate. A nitrogen balance of this phase
showed that 66% (15.4 mmol) of ammonium supplied was oxi-
dized to nitrate with the remainder being used for biomass growth.
3.3. Kinetics of PHB degradation
The PHB degradation rate in activated sludge was described by
Beun et al. (2002) through a ﬁrst order kinetics using a wide range
of fPHB values obtained under anoxic and aerobic conditions. Simi-
larly, the PHB degradation rate in the SBBR may be related to a ﬁrst
order kinetics (Fig. 3) suggesting that it depend on the PHB content
of the biomass. Rate constants of 0.011 min1 for suspended bio-
mass and 0.024 min1 for the bioﬁlm were obtained. The rate con-
stant of the biomass in suspension in this research is higher than
the rate constants of 0.0025 min1 and 0.0033 min1 mentioned
in other studies (Beun et al., 2002; Carta et al., 2001; Third et al.,
2003) for biological sludge. This difference may be explained by
the necessary acclimatization of the biomass to cyclic ﬂuctuations
in substrate concentration: literature data was obtained with acti-
vated sludge from treatment plants, which had merely been accli-
matized to cyclic ﬂuctuations during a limited time. However, in
the present work the SBBR had been in operation for about one
year and the biomass was fully adapted to its operation conditions.
Regarding the rate constant for the bioﬁlm, there is no information
available in literature. The rate constant in the bioﬁlm is around
two times higher than in suspended biomass (Fig. 3). It may be as-
sumed that bioﬁlm and suspended biomass have developed
diverging response strategies due to different environmental
Fig. 2. Acetate (d), oxygen (-), ammonium (h), nitrite (N) and nitrate (}) proﬁles during a representative SBBR cycle.
Fig. 3. Kinetics of the degradation of PHB in the biomass during the aeration phase:
(N) fPHB in suspended biomass; (}) fPHB in the bioﬁlm.
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sition and others).
Maximum speciﬁc PHB degradation rates were calculated
through the initial slope of the curves fPHB versus time for sus-
pended biomass and bioﬁlm. The biomass in suspension presented
a maximum speciﬁc PHB degradation rate (0.090 Cmol/Cmol h)
that is around ﬁve times higher than the one of bioﬁlm
(0.012 Cmol/Cmol h). This result was expected because fPHB in sus-
pended biomass was at least ten times higher than the correspond-
ing value in the bioﬁlm.
3.4. Composition of the nitrifying population within the bioﬁlm
FISH analysis was utilized to qualitatively evaluate the bioﬁlm
composition with respect to nitrifying microbial population. In situ
hybridization of the bioﬁlm with the Nso1225 probe indicated that
the ammonia-oxidizing microorganisms belong to the b-Proteobac-
teria subclass. No signals were obtained with the Nit3 probe, while
the Nitrospira-speciﬁc Ntspa662 probe yielded a bright signal, thus
the presence of Nitrobacter species can be excluded, so that the ni-
trite oxidation was exclusively catalysed by Nitrospira bacteria,
which conﬁrms the recently discovered importance of this bacteria
in nitrite oxidation for numerous environments (Daims et al.,
2001; Nogueira et al., 2002; Nogueira and Melo, 2006).
The aggregates formed within the bioﬁlm by ammonia-oxidiz-
ing microorganisms and by Nitrospira are found on the same level
and close to each other. This association has also been detected in
other studies in various environmental samples (Daims et al.,
2001; Nogueira et al., 2002, 2005).4. Conclusions
The consumption of acetate and its storage as PHB is mostly car-
ried out by the biomass in suspension. Its maximum fraction of
PHB accumulation was 0.13 Cmol/Cmol, around ten times higher
than the value accumulated in the bioﬁlm. Although the biomass
in suspension represented only 20% of the total biomass present
in the reactor, 79% of the total PHB formed was stored in the bio-
mass in suspension. This result is due to the lower mass limitations
of the biomass in suspension in comparison with the bioﬁlm.
The degradation of PHB in the biomass in suspension and in the
bioﬁlm follows a ﬁrst order degradation kinetics with respective
constant rates of 0.011 min1 and 0.024 min1. So far, no study
has presented any information on the accumulation and degrada-
tion of PHB in bioﬁlms.
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